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1. Introduction
Nanostructured electrically conducting polymer
composites are explored largely due to their com-
bined properties of the conventional polymers such
as ease of processability, low density, environmental
stability and corrosion resistance with electrical
properties of conducting polymers. Literature reveals
that conducting polymers with nanoscale morpholo-
gies including tubes, wires and fibres can be con-
structed by either self-assembly [1, 2] or template
approach [3–6] for the fabrication of electronic
devices such as batteries, capacitors, light emitting
diodes and sensors. Development of polyaniline
(PANI) wires using self-assembled micelle of
amphiphilic dopant by self-assembly approach has
been reported earlier [7]. Carswell et al. [8] and
other authors [9–11] have used adsorbed surfactants
as templates for the synthesis of morphologically
controlled PANI and polypyrrole nanowires on flat
surfaces. Babu et al. [12] proposed solvent directed
self-assembly of !–gelators for the preparation of
hierarchically aligned orthophenylene vinylene
amide nanofibers on polystyrene matrix. Poly-
styrene micro porous materials with porosity rang-
ing from micro to nano range prepared through the
sublimation of solvent by Guenet and coworkers
[13, 14]. A new way to pattern conjugated polymers
with nanoscale dimensions on a solid surface has
been described by admicellar polymerization (AP)
[15]. AP can be visualized as a technique analogous
to emulsion polymerization where the adsorbed
bilayered surfactant aggregates are used as tem-
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© BME-PTplates on various surfaces. Interactions between
polymers and surfactants in the bulk have been
extensively reviewed due to its relevance in many
industrial applications.
Small diameter, high aspect ratio, excellent conduc-
tivity, and high thermo-mechanical stability are
required to create conductive composites for high
performance applications. Researchers have shown
that nanocomposites with different morphologies
can be produced by tuning of polymer-clay interac-
tions [16–21]. Synthesis of conducting polyaniline-
clay nanocomposites (PCN) is receiving attention in
this respect since they are associated with the above
mentioned novel properties. We have reported earlier
that ‘PDPSA’ derived from cashew nut shell liquid
played multiple role of intercalating agent, structure
directing agent and dopant during the formation of
nanostructured PCNs [14, 22]. In the present work,
we are reporting a novel strategy for the preparation
of highly oriented percolated patterns of PCN in
PVC matrix (PVCPCN) using a combined mecha-
nism of porous template and self-assembly approach.
Onset of percolation threshold concentration (PTC)
was manifested from the morphological studies in
combination with electrical conductivity measure-
ments. The entanglement among the clay, PANI and
PVC in PVCPCN composite was manifested from
rheological measurements and FTIR. Electrical con-
ductivity, thermal properties and EMI SE of these
composites were evaluated.
2. Experimental
2.1. Materials
Bentonite clay with cation exchange capacity of
80 meq/100 g and a chemical formula of (Na, Ca)0..33
(Al1.67Mg0.33)Si4O10(OH)2·nH2O was purchased from
Loba Chemie, Bombay, India. Aniline monomer,
methyl alcohol and ammonium persulphate (APS)
obtained from s.d.fine chem limited, Bombay, India.
PDPSA was prepared through the sulphonation of
3-pentadecyl phenol, (cashew export promotion
council, India) based on the procedure reported ear-
lier [8]. Polyvinyl chloride [molecular weight: Mn =
61 500, Mw = 88 500, PDI = 1.4] was procured from
Nikunj enterprises, Bombay, India. Aniline was vac-
uum distilled prior to use.
2.1.1. Preparation of An+PDPSA– micelle
An+PDPSA– micelles were prepared by mixing sto-
ichiometric proportion of 0.025 g of aniline
(2.9·10–3 mole) and 0.011 g (2.9·10–3 mole) of
PDPSA in water at 60°C for 1 hr.
2.1.2. Preparation of PVC-Clay dispersion
2.5 g of PVC in 250 mL chloroform was taken in a
500 mL three-necked round bottomed flask and was
fitted with a mechanical stirrer and a reflux con-
denser. Then it was heated with stirring under reflux
for 1 hr until the complete dispersion of PVC. Clay
dispersion was prepared separately by stirring
0.025 g clay in 25 mL water at 60°C for 4 hrs. Then
the prepared clay dispersion was added drop wise to
the PVC dispersion and stirred well for getting a
homogeneous system.
2.1.3. Preparation of electrically conductive
PVCPCN
Electrically conductive PCN percolates in PVC
matrix were prepared by admicellar polymerization
of ‘An+PDPSA–’ in PVC – clay dispersion using APS
as oxidant initiator. 100 mL of 10–3 M solution of
An+PDPSA– was added drop wise to the PVC-clay
dispersion and stirred for 2 hrs. The mixture was
then cooled down to 0°C by keeping in an ice bath
and a solution of APS (0.03 mole) dissolved in 50 mL
water was added drop wise to initiate the polymer-
ization. Reaction continued for another 3 to 4 hrs. The
emeraldine green colored conductive composite
formed was isolated by precipitating from methanol.
It was then filtered, washed several times with
methanol and dried in a vacuum oven for 3 days at
60°C. The purified product is designated as PVCPCN.
The procedure was repeated for developing com-
posites with varying weight percentage of conduc-
tive PCN and the details are depicted in Table 1.
The same procedure is repeated for the preparation
of composites without clay and was designated as
PVCPN and the details were given in Table 1. PAN-
ICN and PANI-PDPSA were prepared as per the
procedure reported earlier [22].
2.2. Fabrication of conductive films
Electrically conductive PVCPCN and PVCPN com-
posites were cast into film from an electrically heated
film making press. The compression moulded sam-
ples (thickness 10 mm, planar area 5.2·10–4 m2) were
prepared by keeping the composites at 100°C for
five minutes under pressure. Then films were
allowed to cool at room temperature and measure-
ments were made after keeping for 24 hr.
                                                Sudha et al. – eXPRESS Polymer Letters Vol.8, No.2 (2014) 107–115
                                                                                                    1082.3. Characterization techniques
UV-Vis absorption spectra of the PVCPCN com-
posites were studied using UV-Vis spectrophotome-
ter [Shimadzu model 2100, Japan] in the range of
300–1100 nm. FT-IR measurements of the compos-
ites were made using fully computerized Nicolet
impact 400D FT-IR spectrophotometer (Czech
Republic, EU). X-ray diffraction studies were done
using powder X-ray diffractometer (Philips X’pert
Pro, Netherlands) with CuK" radiation (" ~
0.154 nm) employing X’celarator detector and mono  -
chromator at the diffraction beam side. Thin films
casted on glass plates were used employing stan-
dard sample holder. Electrical conductivity (!dc) of
films was measured using the standard spring loaded
pressure contact four probe conductivity meter sup-
plied by Keithley (Germany) as per the standard
procedure ASTM F 43-99. The conductivity (!0)
was calculated using Van der Pauw relation !0 =
[ln2/(#·d)]·(I/V). Where d is the thickness of the
film, I is the current and V is the voltage. Morphol-
ogy of the hard and soft template formation was
observed under AFM. Images were recorded under
ambient conditions using Ntegra multimode Nano  -
scope IV (Netherlands) operating in the tapping
mode regime. Micro fabricated silicon cantilever
tips (MPP-11100-10) with a resonance frequency of
284–299 kHz and a spring constant of 20–80 Nm–1
were used. The scan rate varied from 0.5 to 1.5 Hz.
Complementary studies were made using scanning
electron microscope (SEM, JEOL make, model JSM
5600 LV,Germany) at 15 kV accelerating voltage.
ESEM experiments with the dispersion of PVC-clay
were carried out using the FEG Quanta ESEM
instrument (Hitachi, Japan). TEM measurements
were carried out using FEI (Tecnai G2 30 S-TWIN,
USA) with an accelerating voltage of 100 kV. For
TEM measurements, the sample solutions were
coated on a formvar coated copper grid and dried in
vacuum at room temperature before observation.
Thermal analysis of the composites was performed
with TA instruments (Differential Scanning Calori  -
metry 2920, Switzerland) instrument under nitro-
gen atmosphere. Rheological property of the con-
ductive composite was measured using Modulated
Compact Rheometre-150 Physica (Germany). Par-
allel plate sensor with a diameter of 50 mm and a
gap size of 0.25 mm were used and measurements
were done in dynamic oscillatory mode at 100°C
(frequency range 0.001–1000 rad/s). EMI SE of the
prepared samples have been measured using a labo-
ratory developed one-port coaxial sample holder
backed by short on Vector network analyzer (VNA)
Wiltron 37247B (Germany) in the desired fre-
quency range. The return loss (RLin dB) of the sam-
ple was measured on the calibrated VNA by con-
necting the one port sample holder at the test port
without and with the sample. Half of this measured
RL is the EMI SE of the sample in dBs.
3. Results and discussion
3.1. Mechanism for the formation of ‘percolated
conductive composite, PVCPCN
Percolated pattern of electrically conductive
PVCPCN prepared by admicellar oxidative radical
polymerization of An+PDPSA– in PVC-clay disper-
sion using APS as initiator and is shown in Fig-
ure 1. Formation of ‘porous template’ was mani-
fested from the studies made using SEM, AFM and
TEM in combination with FTIR. FT-IR spectra of
PANI, PVC-clay dispersion, PVC, PVCPCN and
clay are shown in Figure 2, respectively. PANI
showed characteristic bands  at 1552 and 1483 cm–1
(stretching vibration of quinoid ring and benzenoid
ring), 3100 cm–1(N-H str), 2900 and 2850 cm–1(C-
H str), and 1297 cm–1(C-N). PVC exhibited charac-
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Table 1. Electrical conductivity and EMI SE of PVCPN and PVCPCN composites
Sample code wt% of PANI wt% of clay
Conductivity
[S/cm]
EMI SE [dB] at 10 GHz
PVC 0.0 – – –
PANI-PDPSA 100.0 – 3.5 –
PVCPN 1 5.0 – 2.33·10–4 7.1
PVCPN 2 7.5 – 2.45·10–2 8.2
PVCPN 3 10.0 – 2.20·10–2 14.8
PVCPCN 1 2.5 10 8.46·10–6 35.3
PVCPCN 2 5.0 10 4.26·10–4 56.7
PVCPCN 3 7.5 10 4.73·10–4 66.0
PVCPCN 4 10.0 10 4.58·10–4 73.2teristic bands at 1447 cm–1(CH2), 1239 cm–1(C-H
of CHCl), 1026 cm–1(C-C), 969 cm–1(CH2 rocking)
and 710, 615 cm–1(C-Cl) [12]. Clay showed charac-
teristic peaks at 1025 cm–1 [# (Si-O)], 913 cm–1 [#
(Al-OH)] and 528 cm–1 [# (Si-O-Al)]. However, the
FTIR spectra of PVC-clay dispersion exhibited the
bands at 1477, 1227, 1021, 744 and 710 cm–1. The
observed shift in the bands of PVC-clay dispersion
compared to the characteristic bands of PVC and
clay revealed the presence of noncovalent interac-
tions among clay and PVC moieties. These interac-
tions are responsible for the formation of porous
template. Microscopic analysis of PVC-clay disper-
sion exhibited almost uniform microporous shapes
having pore diameter of ~1.5 µm ESEM and ordi-
nary SEM images were shown in Figure 3a and 3b,
respectively. Dimension of the pore size and thick-
ness were further confirmed by AFM studies and
the corresponding image of the PVC-clay was
shown in Figure 3c. The AFM image of a single
pore is given in Figure 3e and its height profile is
depicted in Figure 3d. Pore size of the template is
measured to be ~1.32 µm which is almost matching
with the observation from SEM analysis and wall
thickness of the pore is measured as ~100 nm. The
pore wall was formed by parallel stack of silicate
layers and its aggregates through edge to edge asso-
ciation as reported earlier [23]. Further formation of
porous template was confirmed by TEM analysis
and the image of the same is given in Figure 4. Here
also the image measured pore size of ~1.3 µm with
well defined wall thickness of 98 nm.
FTIR spectrum of PVCPCN exhibited bands at
1578, 1489, 1298, 1009, 800, 676, 506 cm–1 and
shown in Figure 2 curve d. The observed shift in the
positions of bands in PVCPCN compared to the
characteristic bands of PANI, clay and PVC can be
ascribed due to the formation of noncovalent inter-
action among the clay, PANI and PVC moieties.
Thus, the various noncovalent and covalent interac-
tions among the various entities present in clay,
PANI and PVC are responsible for the formation of
steady and uniform films.
The mechanism for the formation of steady and uni-
form conductive films can be explained by the results
obtained from FTIR and morphological analysis.
Initially, aniline combines with the amphiphilic
dopant PDPSA to form An+PDPSA– by the acid-
base reaction. Later they will self-assemble in water
to form cylindrical micelles as shown in Figure 1.
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Figure 1. Preparation of conductive composite
Figure 2. FT-IR spectra of (a) PANI, (b) PVC clay disper-
sion, (c) PVC, (d) PVCPCN, (e) clayDuring agitation An+PDPSA– micelles present in
the emulsion can be easily introduced into the
hydrophilic pores present in PVC-clay dispersion
through the driving force of interfacial attraction
between the hydrophilic charges present in the
walls of the pore towards the micelle. In the pres-
ence of excess aniline, some portion of the aniline
will imbibe inside the cylindrical micelle and some
portion will be retaining in the chloroform layer. In
the presence of oxidative radical intiator APS, poly-
merization initiates inside the pore and propagates
through the walls. Similar polymerization propaga-
tion process guided by the hydrophilic groups pres-
ent in the hard template was reported earlier and it
strengthens our observation [24–26]. As polymer-
ization proceeds further, the various covalent and
noncovalent interactions among clay tactoids, PVC
and PANI become stronger and this may cause col-
lapsing the walls of pores to form percolated net-
work structure in PVCPCN. This mechanism is
supported by the studies made by other researchers
[27]. The AFM micrographs of PVCPCN are shown
in Figure 5a (cast in glass plate) and Figure 5b
(casted in HOPG plate). SEM picture of the same is
given as Figure 5c. Both micrographs exhibited per-
colated wires of PCN (bright shade) in PVC matrix
(dark shade) having micrometer in length and diam-
eter of ~20 nm. The AFM height profiles of the same
are shown in Figure 5d and 5e respectively. Topo-
graphical analysis showed that the heights of the
PCN particles are in ~5 to 20 nm suggesting the for-
mation of nanostructured conducting particles of
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Figure 3. SEM image of porous template (a) ESEM, (b) ordinary SEM, (c) AFM image of PVC-clay pores, (d) AFM pro-
file of porous template, (e) AFM image of a single pore
Figure 4. TEM image of (a) porous templates of PVC-clay, (b) single porePCN in PVC matrix. The surface roughness of the
film was measured to be 1.776 nm. Based on the
morphological and spectroscopic experimental evi-
dence, a plausible mechanism for the formation of
highly oriented percolated structures of nanowires
of PCN in PVC is illustrated as per Figure 1.
3.2. UV-Vis spectroscopy
Electronic state of the conductive composite was
manifested from UV-Vis spectroscopy. UV-vis spec-
tra of PANI, PCN, PVCPN and PVCPCN are shown
in Figure 6. PANI exists in the emeraldine salt state.
PANI exhibited three peaks at (i) 340 nm corre-
sponding to !–!* transition of benzenoid structure,
(ii) 440 nm corresponding to the polaron band to
!* (iii) 700–900 nm corresponding to !-polaron
bandpresent in the PANI chain. However, PCN and
PVCPN exhibited a broad absorption maximum at
460 nm due to the merging of two initial peaks (330
and 460 nm) and a second absorption maximum at
750 nm. The absorption spectra of PVCPCN showed
similar pattern with a red shift in the polaron band
with a free carrier tail at 900 nm. This red shift
observed in the composites when compared to
PVCPN is due to the formation of more number of
delocalized charge carriers present in the polaron
band.
3.3. X-ray diffraction studies
X-ray diffractograms of clay, PANI-PDPSA, PVCPN
and PVCPCN were recorded using thin films of
samples having 100 $m thicknesses and are shown
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Figure 5.AFM micrographs of PVCPCN observed during the onset of percolation (a) casted in glass plate, (b) casted in
HOPG substrate and (c) SEM image of PVCPCN (d, e) AFM height profile of PVCPCN during onset of polymer-
ization casted in glass plate and HOPG substrate respectively
Figure 6. UV-visible spectra of (a) PANI, (b) PCN,
(c) PVCPN, (d) PVCPCNin Figure 7. Clay showed d001 basal spacing of
12.1 Å at 2% = 6.7° corresponding to the distance
between the layers along the c-axis direction. PANI
exhibited characteristic broad peak at 2% = 23.4°
and a sharp reflection at 2% = 3.4° corresponding to
the self assembled aggregated structure. PVCPN
exhibited diffraction peaks at 2% = 3.3, 9.4, 28.6°
with d-spacing of 25.5, 9.0, 3.0 Å respectively. In
PVCPCN, the diffraction peak corresponding to the
d001 plane of clay completely shifted to 2% = 3.3°
with d-spacing of 26.4 Å and might have merged
with the aggregated peak of self assembled PANI-
PDPSA.It exhibited peaks at broad peaks at 20.52,
25.22, 27.26° with d-spacing of 4.21, 3.43 and 3.18 Å,
respectively.
3.4. Electrical conductivity and EMI shielding
efficiency
Electrical conductivity measurement of the PVCPN
and PVCPCN were done using thin films of uni-
form thickness and the values are depicted in Table 1.
PANI-PDPSA exhibited conductivity of 3.5 S/cm.
PTC of the conductive material in the composite
was determined by plotting electrical conductivity
measurements against the concentration of conduc-
tive material. It was observed that electrical conduc-
tivity exhibited a plateau beyond certain concentra-
tion and is considered as the onset of a conductive
path in the matrix. This value depends upon the
shape and size distribution of conductive particles
in the polymer matrix and has been applied to
describe electrical conductivity observations within
various composites. For PVCPN, PTC is observed
to be 7.5 weight percentage with conductivity
2.45·10–2 S/cm and that of PVCPCN showed PTC
at 5 weight percentage with conductivity
4.26·10–2 S/cm. Similar observations were made by
other researchers [28]. Thus, the electrical conduc-
tivity measurement also substantiated the formation
of more ordered conductive network in presence of
clay. This observation is complimentary to the obser-
vations from SEM and AFM.
Effect of PVCPN and PVCPCN on EMI SE was
studied and the details are showed in Table 1. It was
observed that as the amount of conductive filler load-
ing increased, EMI SE also showed a hike in the
values. The EMI SE of conductive films of PVCPN
containing PANI 5, 7.5 and 10% were measured to
be 7.1, 8.2 and 14.8 dB respectively. EMI SE meas-
urement of PVCPCN films containing conductive
fillers of 2.5, 5, 7.5 and 10% exhibited EMI SE of
35.3, 56.7 66 and 73.2 dB respectively. The higher
EMI SE value observed for PVCPCNs is attributed
from the higher extent of attenuation favoured by the
multiple reflection mechanism induced by the nano
clay layers having high interfacial area [29]. Thus
the films containing PCNs could attenuate electro-
magnetic radiation by two mechanisms of absorp-
tion and multiple reflections.
3.5. DSC
PVC showed a thermal transition at 75°C corre-
sponding to the glass transition of PVC. PANI exhib-
ited a broad endothermic transition at 106°C due to
breaking of the intermolecular hydrogen bonding
present in the bulk PANI. PVCPN exhibited a broad
endothermic transition between 79–106°C which
can be considered as the energy transition due to the
noncovalent interaction among the various moieties
present in PVCPN. But PVCPCN showed three tran-
sitions between 102–123°C, which can be ascribed
due to the unwinding of PCN chains through break-
ing the noncovalent interactions between clay tac-
toids and PVC.
3.6. Rheology
The presence of exfoliated nanoclay layers and the
interaction between the conductive filler-host matrix
was manifested from rheological property measure-
ments. Loss modulus (G&) and storage modulus
(G') were measured as a function of frequency at
100°C under angular frequency sweep of 0.001 to
1000 rad/sec at 5% strain. The G' is related to the
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Figure 7. XRD plots of (a) clay, (b) PANI-PDPSA,
(c) PVCPN, (d) PVCPCNability of the material to store energy when an oscil-
latory force is applied to the specimen and the G& is
related to the ability to lose the energy. These prop-
erties were measured to examine the degree of entan-
glement in the conductive composite of PVCPCN.
Variation of G' and G& with angular frequency of
PVCPN and PVCPCN are shown in Figure 8. Both
exhibited distinctly different oscillatory responses.
G' and G& of PVCPCN is found to be greater than
that of PVCPN. This could be due to the presence
of entanglement induced by the percolated nanoag-
gregates present in PVCPCN [30, 31].
4. Conclusions
In summary, electrically conductive films with
highly ordered percolated conductive network pat-
tern (PVCPCN) were successfully prepared by self-
assembly cum porous template based strategy. Here,
the surfactant cum dopant, PDPSA derived from a
low cost renewable resource based product could
function as soft template and structure-directing
agent. Thus the combination of self-assembly growth
with hydrophilic porous template allows the forma-
tion of large scale percolated patterns of nanowires.
This capability in retaining template without post
processing is challenging in organic electronic
devices. Moreover, property evaluation of this mate-
rial exhibited excellent electrical conductivity and
EMI SE which makes them a promising candidate
for EMI/electrostatic dissipating matrix for high
technological applications. Further, the proposed
strategy can be exploited for the development of
percolated patterns of nanostructured conductive
molecules in other insulative matrices for the fabri-
cation of nanoelectronic devices.
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